ABSTRACT Population densities of a predatory ground beetle, Pasimachus elongatus LeConte (Coleoptera: Carabidae), were examined at the Central Plains Experimental Range, Colorado. Using distance sampling theory, I analyzed density estimates dating from before an application of the insecticide methamidophos (1988) and three beetle generations afterward (1994) to address the following questions. Have population densities of p elongatus recovered to prespray levels? Are current population densities of p elongatus in areas exposed to methamidophos in 1988 equal to those not exposed in 1988? How do population densities of p elongatus vary with habitat type in methamidophos exposed and nonexposed areas? This work updates earlier findings that p elongatus population densities decreased after methamidophos applications. Lingering differences in p elongatus densities were found among areas differing in methamidophos exposure; these differences were also related to habitat type. Higher population densities were found in methamidophos exposed than in control areas; higher densities were also found in shrub dominated than in grass dominated sites, regardless of past methamidophos exposure. Because potential prey species were found to be equally abundant in methamidophos exposed and nonexposed areas despite the greater abundance of the carnivorous Pasimachus in treatment areas, the p elongatus density patterns seen are discussed in relation to possible long-term disruption of the arthropod prey community by methamidophos. Other explanations for the observed patterns (including competitive release and physiological resistance) are also discussed.
ecosystem, Ebert and Kondratieff (1992) found that densities of p elongatus were negatively correlated with methamidophos levels. p elongatus numbers declined by =90% after a methamidophos application in 1988 and had returned to only =40% of their original levels 1 yr later.
Long-term effects of insecticides such as methamidophos are of increasing ecological concern. Since Ebert and Kondratieffs 1988-1989 study, three generations of p elongatus (a biennial species) have passed. My objective was to address the following questions as an update of their work. Have population densities of p elongatus recovered to prespray levels ? Are current population densities of p elongatus in areas exposed to methamidophos in 1988 currently equal to those not exposed in 1988? How do present population densities of p elongatus vary with habitat type in methamidophos exposed and nonexposed areas? These questions address the potential long-term effects of a pesticide application event on local insect populations, and their answers will be compared with the null hypothesis of no lingering differences with treatment or habitat.
Pasimachus elongatus LECONTE is a predatory ground beetle ( Carabidae ) that ranges from the eastern United States to Montana and from southern Canada to New Mexico (Noonan 1992) , inhabiting dry woodlands and prairies (Arnett 1968) . p elongatus is an abundant and conspicuous member of the fauna of the shortgrass steppe of the western United States and feeds on other insect adults and larvae, including several economically destructive crop pests, thereby acting in an agriculturally beneficial capacity (Blatchley 1910, Cress and Lawson 1971) . Because p elongatus is an economically important insect species and an effective predator, knowledge of its biology is an important component in understanding the grassland fauna as a whole.
Methamidophos (O,S-dimethyl phosphoramidothioate) is a preharvest insecticide used to control agricultural pests (WHO 1993) . Methamidophos has been shown by Ebert and Kondratieff (1992) to reduce population densities of p elongatus. Because p elongatus feeds on other insects, it can be affected by insecticides both directly (through direct mortality) and indirectly (through mortality of prey organisms). Following a series of methamidophos applications in a shortgrass steppe [13SE and 15SW, respectively] . However, these former sections are still recognizable and will be considered as discrete regions in this article, and the former pasture nomenclature will therefore be retained. )
In 1988, methamidophos was aerially applied once in pastures 22CN and 24NE (at 1.15 kg/ha) and twice in a 1-mo period in pastures 13SES and 15SWE (at 0.29 kg [AI]/ha per apphcation to give a total exposure of 0.58 kg(AI)/ha, a total dosage that was half that of the other methamidophos exposed pastures) .The insecticide was in aqueous solution; 1.53 hters (AI)/ha of this solution was applied to each treatment pasture. Pastures 22CS and 30NE were not exposed to the methamidophos solution and served as controls (Ebert and Kondratieff 1992) . p elongatus population densities were estimated in each of these pastures I wk before and following the first methamidophos application, after the second application, and a year later (Ebert 1990) .
Because it rapidly degrades to nontoxic products, methamidophos is not persistent in the environment and does not accumulate, even after repeated applications. It has a half-life of 15.9 d in water and 7.5 d in silt (WHO 1993) . Because it has such a short life-span and because no methamidophos or other chemicals have been applied in these areas since 1988, no remaining methamidophos was expected to be actively present in the system. Sampling Regime. I captured p elongatus beetles in each of the six pastures by pitfall trapping with a 0.0638-ha trapping web (Anderson et al. 1983 , Parmenter et al. 1989 ) from 20 May to 12 August 1994. Web dimensions followed the design used by Ebert and Kondratieff (1992) with minor modifications to meet the statistical assumptions for analysis of trapping web data. Each web consisted of eight arms separated by 45° radiating from a central point with 10 traps per arm (Fig.  I ). Traps were separated by 1.5 m except at the center, where they were placed adjacent to one another in a 0.5-m-diameter circle to ensure that animals there would have a capture probability of 1, a key assumption in the use of trapping webs (Anderson et al. 1983 ). Trapping effort is concentrated at the web center and dissipates toward the outer edge.
Each pitfall trap consisted of a 500-mJ plastic cup set into the ground with the lip of the cup flush with the ground surface. A smaller, removable plastic cup was placed inside each larger cup along with a plastic funnel to serve as an escape guard and to provide shade. Drainage holes were drilled into the bottom of the cups. Traps were closed with wooden lids when not in use. Captured beetles were marked with a small dot of enamel nail polish on the elytra. Sampling was conducted three times in June 1994, once in mid-July, and twice in early August, following the procedures of Ebert and Kondratieff (1992) with one minor modification-traps were checked every third day instead of every day during each sampling interval. This does not alter the population estimates obtained because recaptured animals were not counted more than once (Anderson et al. 1983 ) and the same number of trap-nights was present as in the previous study. Data from 17,280 trap-nights were collected.
Habitat Analyses. The CPER is dominated by perennial warm-season grasses, especially blue grama, Bouteloua gracilis (von Humbolt, Bonpland & Kunth) Lagasca, and buffalograss, Buchloe dactyloides (Nut tall) Engelmann. However, shrubs, primarily saltbush, Atriplex canescens (Pursh) Nutt, and pasture sagebrush, Artemisia frigida von Willdenow, attain high densities in certain pastures (Whicker and Tracy 1987; Crist et al. 1992) . To assess the habitat type of each trapping area, the Table I . Average percentage of traps with shrub cover within 9 cm per trapping web (pasture) Ebert and Kondratieff (1992) (Laake et al. 1994) . DISTANCE is based on distance sampling theory, whereby the spacing between captured organisms is used to determine their density (Wilson and Anderson 1985) . It should be noted that it is this spacing between areas of high numbers of captures and not the numbers themselves that exerts the greater influence on the resulting density estimate (Buckland et al. 1993) . Density estimates are obtained from significant fitted models of detection probabilities (see Buckland et al. 1993 , Laake et al. 1994 . DISTANCE is a robust technique of calculating population density, as verified by several field studies (e.g., Anderson et al. 1983 , Parmenter et al. 1989 ). However, DISTANCE does not perform well when dealing with low capture rates (fewer than ""15 animals), giving biased results. Therefore, densities in webs where fewer than 15 animals were captured were estimated as number of animals caught per trapping web area and have no confidence intervals associated with them; this procedure may give inflated estimates and is one of the reasons for the development of DISTANCE (Anderson et al 1983) . Biases from low sample sizes as well as from greater trap concentration in the web center are remedied during model fitting by way of truncation (in the case of center overrepresentation) (see Buckland et al. 1993) or simply estimating density as number of animals per trapping web area (in the case of low sample size).
Estimated densities of p elongatus were compared among areas differing in methamidophos exposure by comparing overlap in 95% CI and tested against the null hypothesis of no difference with methamidophos exposure. These densities were also compared with those dating from before the 1988 methamidophos application and tested against the hypothesis of no lingering difference with methamidophos treatment. Finally, current densities from different habitats (grass and shrubs) were compared and tested against the hypothesis of no difference with habitat type. percentage of traps possessing shrub cover in a 9-cIJl-diameter circle around each pitfall trap was calculated and the average number of traps possessing nearby shrub cover per trapping web then determined. This technique provided a measure of habitat type and indicated (confirmed by ocular inspection) that three of the six trapping webs were located in pastures with relatively high densities of shrubs (pastures 13SES, 24NE, 30NE), and the other three were in locations with few shrubs (15SWE, 22CN, 22CS) ( Table 1) . Within each main habitat type (grass and shrub), one pasture served as a control, one received a low dosage of methamidophos (0.58 kg [AI]/ha), and one received a high dosage (1.15 kg [AI]/ha) in 1988. ẽ longatus is present in both habitat types. However, these two habitats were not examined separately by Ebert and Kondratieff (1992) and therefore they could not assess any differences in population density in methamidophos exposed and nonexposed grass and shrub habitats. To examine how this habitat variation affected the beetles, I separated pastures according to their habitat type as well as their level of methamidophos exposure.
Associated Prey Analyses. ~ elongatus is a generalist predator (Cress and Lawson 1971) whose distribution is associated with the distribution of its prey (Calkins and Kirk 1974) . Because few comprehensive studies of this species exist, however, its diet is not well understood, particularly on the Colorado shortgrass steppe. To examine the possibility that any differences present iñ elongatus numbers could be related to differences in the abundance of their prey in methamidophos exposed and nonexposed areas, overall arthropod abundances were compared by way of analysis of variance (ANOVA) among areas differing in methamidophos exposure and in habitat (Sokal and Rohlf 1981) . Arthropods were captured with the same trapping web pitfall trap design used to trap ~ elongatus. Ants (Hymenoptera: Formicidae) were not included in analysis because of difficulty of identification and lack of evidence that they are a food item for ~ elongatus .
Data Analysis. The computer package DIS-TANCE was used to obtain ~ elongatus density estimates (expressed as number of individuals per hectare) and 95% CI (see Buckland et al. 1993, pp. 88-89 , for formula of confidence intervals); this package replaced program TRANSECT used by~R esults Curreut Versus Premethamidophos Population Densities and Present Differences in Methamidophos Exposed and Nonexposed Areas. Current population densities of ~ elongatus are equivalent to prespray (1988) levels, as noted in the overlap of the 95% CI (Table 2) . However, while no differences were found between treatment and control areas in 1988, current population densities of ~ e!ongatus were higher in areas exposed to methamidophos compared with unexposed areas. No significant differences were found in densities between areas exposed to heavy dosages of insecticide and areas exposed to light dosages.
Differences with Habitat Type. Differences in current and prespray population densities with methamidophos exposure were confounded with Exposure levels correspond to values in Table 1 . Number of captures in habitats broken down by methamidophos exposure level do not necessarily sum to overall habitat captures because of data truncation in model fitting a Densities in webs where <15 animals were captured were estimated as number of animals caught per trapping web area and have no confidence intervals associated with them. differences in habitat types. Although current P. elongatus densities were approximately equivalent to prespray levels, areas dominated by shrubs had higher estimated densities than did grassy sites (Table 3) . Shrub-dominated sites displayed higher variation in capture numbers than did grassy sites before and 6 yr after the methamidophos application. The highest prespray P. elongatus density occurred in shrubby habitat not exposed to methamidophos whereas the highest 1994 density occurred in shrub dominated areas exposed to low insecticide doses.
Associated Prey. ANOVA revealed that arthropods were equally abundant in methamidophos treatment and control areas; shrub dominated habitats likewise supported as many arthropod species and individuals as grass dominated areas (a = 0.05; Table 4 ). Approximately 75% of the arthropod species caught were captured in both habitats (i.e., there was little uniqueness in the fauna of a particular habitat type) .
Discussion Surprisingly, more P. elongatus individuals were found in areas that had been exposed to insecticide (Table 2) . Several explanations for this pattern are possible, including physiological adaptation to methamidophos and release from competitive pressure by elimination of other members of the predatory insect guild. Because methamidophos is a broad-spectrum insecticide, this pattern could also be caused by a lingering disruption caused by methamidophos-related fatalities to other members of the arthropod community. Exposure to methamidophos may have reduced the numbers of herbivorous insects present, which in turn may have reduced P. elongatus numbers. A flourishing of vegetation may have resulted from this reduction of herbivory. Abundant vegetation may have then acted as an attractant to herbivores and thence to predators once insect population levels recovered, resulting in higher P. elongatus numbers in methamidophos exposed versus nonexposed areas. As such vegetative data do not exist for my study area, however, this possibility remains to be proven.
Although it is unknown if predators like ~ elongatus regulate prey numbers in this system, they probably exert some influence. The equal abundance of prey in areas with high and low predator densities (Table 4) suggests that prey numbers would be even higher in methamidophos exposed areas if there were an absence of predators like ẽ longatus, which concurs with the situation described above.
Differences in population numbers with habitat type were also important. The data in Table 3 suggest that areas dominated by shrubs provide some attractant (e.g., favorable microclimate) to ~ elon- Table 4 . Result" of ANOV A test for difference" in arthropod abnndance" (number of specie" and individnals) in area" differing in habitat type and in level of methamidopho" expo"nre, pooled across replicate Bite" and sampling date" df p F gatus that influences the effects of former methamidophos exposure. Interaction between insecticide effectiveness and habitat heterogeneity merits further study.
Because there are differences in current p elongatus population densities between exposed and nonexposed areas, this suggests that methamidophos use evokes long-term changes to ecosystem fauna. Direct changes in one faunal component may in turn result in important indirect community and ecosystem effects (Menge et al. 1986 ), possibly in a cascading manner from one trophic level to another (Fairweather 1990) , as may be the case with this system. My results indicated that more studies on long-term insecticide effects (including indirect effects and effects mediated by habitat variability) on arthropod populations and communities are warranted.
